In this paper we review some experimental and theoretical results on the enhancement of orientational optical nonlinearities observed in dye-doped liquids and liquid crystals. We argue that this enhancement is derived from a photoinduced modification of kinetic molecular properties. Moreover we highlight an analogy between the mechanism of this effect in nematic liquid crystals and the working principles of "molecular motors". This analogy helps us to refine the understanding of this effect and to identify the molecular parameters which play the main role. Finally we review some recent experimental results about the dependence of the optical nonlinearity enhancement on the detailed dye and host molecular structures. These results provide some insight into the light-induced phenomena taking place inside a dye molecule.
Introduction
When a linearly polarized optical field interacts with a nematic liquid crystal (NLC), as with any anisotropic medium, an angular momentum exchange takes place. The light exerts a torque on the molecular director and changes in this way the orientation of the liquid crystalline molecules. Concurrently, by traveling through the NLC sample, the light beam experiences a translational shift which results in a change of the angular momentum carried by the light (see Fig. 1 ). In the thin NLC samples, this shift is so small that it is not easily observable. However, by calculating the induced shift in the plane wave approximation, it can be shown that the change of the angular momentum carried by light compensates exactly the torque experienced by the molecular director. Fig. 1 . Translation of the beam propagation as a consequence of angular momentum exchange between light and a liquid crystal sample. The light exerts a torque on the director n affecting the birefringence of the liquid crystal, which in turn changes the beam propagation inside the sample. The result is a change of the orbital angular momentum carried by light balancing perfectly the torque acting on the director.
The torque per unit volume calculated in this way is
where n is the molecular director indicating the average molecule orientation and the symbol · · · denotes the average over an optical period. The constant a = − ⊥ is the dielectric anisotropy in the optical domain. In 1990, in the course of their investigations on light-absorbing NLCs, Jánossy and his coworkers obtained a surprising result:
1 adding small amounts (0.1% w/w) of a dichroic dye of the family of anthraquinone derivatives to a transparent NLC could enhance the orientational optical nonlinearity by more than two orders of magnitude. In comparison to azodyes, which can show a light induced change of their configuration like cis-trans isomerization, the used anthraquinone dyes are stable upon light excitation, and therefore, besides thermal effect no remarkable influence on the liquid crystal has been expected. However, subsequent experiments demonstrated that this phenomenon, although related to light absorption, is not a trivial thermal effect. [1] [2] [3] [4] These experiments have shown that in most cases the dye effect can be well described phenomenologically by introducing an enhancement factor in the expression of the electromagnetic torque acting in transparent NLCs. Rather than an actual enhancement of the ordinary torque mechanism, the effective optical torque τ o is the result of the simultaneous action of the ordinary electromagnetic torque τ em and of an additional photoinduced torque τ ph due to a new mechanism related to light absorption:
For this to be effectively equivalent to an enhancement, the new torque must have the same functional dependence on E and n as τ em , i.e.
The dielectric anisotropy ε a is here replaced by a new material constant ζ. This constant is proportional to the dye concentration, but its physical interpretation Basic idea of Jánossy's model: first, absorption of linearly polarized light preferentially excites those dichroic dye molecules which are oriented within a small angle around the optical field E; second, the two anisotropic populations of ground and excited state dye molecules interact differently with the host molecules, thus inducing an effective mean-field which breaks the azimuthal anisotropy around the liquid crystal director n. In particular, if excited dye molecules orientationally "attract" the host molecule stronger than the ground state dye molecules do, a net torque acts on the molecular director pulling it toward the electric field E.
is an isolated system so that the total angular momentum should be conserved, because the interactions between dye and host molecules are internal to this system. On the contrary, the photoinduced torque appears as an external torque acting on the system dye-NLC. So what is the origin of the extra angular momentum acquired by the latter?
Finally, a first glimpse at this problem immediately reveals that at least a part of the absorbed photon energy is converted into a movement and/or a generation of a torque. On a molecular level such kind of effects belongs to a wide class of phenomena often collected under the name of "thermal ratchets" or "molecular motors". 7 In this respect, the Jánossy effect can be regarded as an example of an "orientational ratchet", as recognized by Palffy-Muhoray and Weinan E, 8 and there is a close similarity to biological molecular motors modelled by Prost et al. in Ref. 6 . Thermal ratchets can be used to describe microscopic mechanisms operating in important biological systems [9] [10] [11] or in the realization of microscopic machines.
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It would be interesting further to explore this analogy in order to understand how general the Jánossy effect can be considered.
In this paper, reviewing the results of experimental investigations and theoretical analyses to which we have contributed, we try to give an answer to these questions. We begin by discussing the more general case of absorbing isotropic liquids in Sec. 2. In this case, an analytic solution of the model can be provided, that allows one to single out the most relevant microscopic parameters. Section 3 is devoted to a discussion of the analogy with "molecular motors". A model of a molecular motor is presented, from which it is possible to deduce its general features and to understand the relationship to the Jánossy effect. Then we discuss some of the most significant experimental and theoretical results obtained in the nematic phase. Finally we will take a closer look at our "molecular motors", in order to understand which changes are actually occurring in the dye molecules that make the motor work.
Photoinduced Order in Absorbing Liquids
In transparent NLCs, there is a strict relationship between the nonlinear optical reorientation of the director in the nematic phase and the optical Kerr effect (OKE) in the isotropic phase. Of course, there are important differences: in the nematic phase the reorientation of the molecules is collective, while in the isotropic liquid phase the induced orientation can be essentially understood as a single molecule process. The relaxation processes are therefore very different, being driven by the nematic elasticity in connection with surface anchoring in the first case, while in a liquid it is driven by orientational diffusion. In spite of these differences, the forcing mechanism, i.e. the polarization torque acting on the molecules, is basically the same. For this reason, it is worth asking if a forcing mechanism analogous to the photoinduced torque of Jánossy effect is present also in dye-doped isotropic liquids.
Assuming the proposed significant variation of the dye-host interactions upon light excitation, the main theoretical result of the following section is a prediction of an enhancement of the usual OKE. As a consequence, a subsequent experimental observation of such an enhancement could strongly confirm the proposed photoinduced variations, without having to deal with the complex collective phenomena of the nematic phase.
A picture of the mechanism for the OKE enhancement is given in Fig. 3 . For a quantitative description, both in isotropic liquids and in nematics, we must consider the orientational distribution functions that satisfy the Fokker-Planck equations describing the random walk of the molecules in the orientational space.
5,13,14 Here we outline the important features of this model, limiting ourselves to the case of isotropic liquids. Fig. 3 . Proposed mechanism for the enhancement of the optical Kerr effect in dye-doped liquids. Initially the orientational distributions for both dye and host molecules are isotropic. Then light excites molecules aligned along the optical field. If the ground and excited state dye molecules interact differently with the host molecules, they induce an effective mean-field which breaks the initial isotropic symmetry. In the given example, the excited dye molecules interact stronger with the host molecules, thus inducing an orientational order around the optical field.
In this case, an approximation of small anisotropy can be made that leads to an analytical solution of the model highlighting the relationship between the change of the intermolecular interaction potential and the enhancement of optical Kerr effect in dye-doped liquids. However, in the model we are going to discuss, a small but important generalization of Jánossy's initial idea is introduced. We allow for a difference in the orientational diffusivity of the two populations of excited and ground state dye molecules, respectively. As shown in the following sections this anticipated generalization is imposed by a comparison with the experimental results in the nematic phase. In Fig. 4 , it is pictorially outlined why a change of diffusion should contribute to an enhancement of the optical Kerr effect, even if the interaction potential is unaffected by excitation.
In the example of Fig. 4 , it is supposed that the rotational diffusion constant D g of the ground state molecules is much larger than that of the excited ones, D e . Therefore, upon illumination with linearly polarized light, the excited dye molecules are slowed down in their rotational diffusion resulting in an accumulation of dye molecules along the polarization direction. In the stationary case the total number of dye molecules oriented along the field direction is finally larger than in all other directions. As a consequence, even if the interaction potentials are equal for ground and excited state molecules, the mean field potential will be anisotropic, leading again to an enhancement of the optical Kerr effect. ' ' Fig. 3 , light excites the molecules aligned along the optical field. Then the ground state molecule orientations randomize faster than the excited ones. As a consequence, more dye molecules are finally oriented along the optical field, creating an anisotropic mean field that in turn can orient the host molecules.
The Model
For simplicity we consider a pure liquid (or a NLC in the isotropic phase) doped with a small quantity of dye. The assumption of small dye concentration then allows us to obtain analytical results even for strong excitation. Three independent distributions must be considered: for the orientations of the dye molecules in their excited and ground state, respectively, and for the host molecules. A nonzero orientational order parameter of the host molecules is mainly responsible for the induced birefringence in the system. Let the number of molecules per unit volume and solid angle be f α (s α ). Here α = g, e, h is an index for ground, excited and host molecules populations, respectively, and s α is a unit vector specifying the direction of the molecule long axis. Since the system has azimuthal symmetry around the optical electric field, f α will actually Light-Induced Modification of Kinetic Molecular Properties 163 depend only on the angle θ between s α and the field direction. The three functions f α completely define the state of the system in our model. Their dependence on time t provides the dynamics. It is convenient to expand them in series of Legendre polynomials P l :
l=0,2,4,...
where
are the Legendre moments of the distributions. Because the system also exhibits inversion symmetry, all odd-l moments vanish identically. The infinite set of moments Q (l) α (t), with even l, provides therefore an equivalent description of the system dynamics. In particular, the zero-order moments Q (0) α = N α are the total number densities of the populations, and the ratios Q (2) α /N α are their orientational order parameters. The host density N h , the total dye density N d = N g + N e and the total density
We suppose that the electronic transition dipole moment is parallel to the geometrical long axis of the dye molecules. The absorption probability per unit time can then be written as
where I and ν are the light intensity and its frequency, α 0 is the linear absorption coefficient, and h is the Planck's constant. The rates of electronic transitions from the ground state to the excited state, W e , and backwards, W g , are given by
where τ e is the excited state lifetime. Note that this expression is based on two important assumptions. One is that stimulated emission is negligible. This is reasonable as, in most dyes, the Stokes shift between absorption and fluorescence spectra brings the excited molecules almost completely off resonance. The other assumption is that the process of vibrational relaxation immediately following each electronic transition (both excitation and decay) has no significant effect on the molecule orientation. For the case of excitation, the success of models of timeresolved fluorescence based on this assumption supports its validity. 15 Moreover, unless the dye molecules are very small, the heat generated by the vibrations is estimated to diffuse away too fast for a large thermal molecular reorientation to occur.
Besides the photoinduced electronic transitions, the molecules are subject to rotational drift and diffusion (i.e. Brownian motion in orientational space). In the so called diffusional approximation, corresponding to the assumption that the reorientation of a molecule occurs in small angular steps, all these processes can be combined in the following set of dynamical rate-equations for the angular distributions:
withî ϑ = (cos ϑ cos ϕ, cos ϑ sin ϕ, − sin ϑ) andî ϕ = (− sin ϕ, cos ϕ, 0). Here W h = 0, as host molecules are not involved in population transitions, and J α are the currents resulting from the action of the rotational diffusion and drift, defined as
where kT is thermal energy, U α (θ) is a potential energy controlling the rotational drift and D α is a rotational diffusion constant. Two contributions to the orientational potential U α must be considered in our case, i.e.
accounting for the direct effect of the external electromagnetic field and for the equilibrium mean-field effect of intermolecular interactions, respectively. a The first term corresponds to the polarization energy
where η α /4π is the anisotropy of molecular optical polarizability, corrected for localfield effects, n is the refractive index, and c is light speed in vacuum. In the case of small dye concentration, the effect of the last term is important only for the host molecules. The term for the equilibrium interaction potential needs a more detailed discussion, for which we refer to Ref.
14. This analysis leads to the following expression, which is the simplest form compatible with the symmetry of the system:
where u αβ are the strengths of the interaction potentials. Using this expression we can transform Eqs. (8) into a set of equations for the distribution moments. In the case of a dye doped isotropic liquid we are able to get an analytical solution that holds true also for high pump intensities. The approximation is based on the following assumptions: (i) the light-induced host anisotropy is always very small; (ii) the dye moments Q (4) α are negligible with respect to Q
α ; and (iii) dye concentration a Actually, both Dα and U i α result from intermolecular interactions. The former characterizes the nonequilibrium kinetic interactions between dye and host molecules (friction). The latter is an orientational mean-field potential describing the dye-host equilibrium interactions.
is small, i.e. N d N t . This primarily means that in solving these equations we may retain only the second-order moments of the distribution functions, neglecting all higher orders.
Skipping intermediate steps, 14 we report here the final results in the stationary case (light pulse duration is much larger than decay and diffusion times),
+ 6D e ) −1 and Q (2) α has been replaced by Q α . Here we have introduced the molecular parameter
and the bleaching function
where I s = hνN d /α 0 τ e is the saturation intensity for the two level system of dye molecules. The total photoinduced dielectric anisotropy is then given by
where T * = u hh N h /15kN t is the critical temperature for liquids with mesogenic phases.
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Let us now discuss the physical meaning of this solution. First, note that light absorption is an anisotropic process, and therefore it tends to generate an oriented population of excited dye molecules. At the same time, it leaves an anisotropic hole in the population of ground state dye molecules. This forcing mechanism is opposed by two relaxation mechanisms: electronic decay, controlled by the lifetime τ e , and rotational diffusion, controlled by the constants D e and D g . The balance between these effects determines to the nonzero dye moments Q e and Q g . Note, however, that Q e + Q g = 0 only if D e = D g . In other words, the overall dye distribution remains isotropic unless the rotational diffusion has different rates in the excited and ground states. The function f (I) describes the nonlinear behavior of the dye anisotropy due to saturation of absorption; in particular, f (I) 1, so that Q e ∝ I, for I I s and f (I) → 0, so that Q e → 0, for I → ∞. Once the dye populations become anisotropic upon excitation, they start to act upon the liquid host generating an orienting potential,
It is important to note that a nonzero U i h can be ascribed to one or both of the following independent contributions: (i) the overall dye population becomes anisotropic, because D e = D g , and it therefore can orient the host even if u he = u hg ; (ii) the overall dye population remains isotropic, because D e = D g , but its effect on the host is nonetheless anisotropic because the interaction energy in the excited state is different from that in the ground state, i.e. u he = u hg . The combined effect of these two contributions is expressed by the energy constant ∆u. Finally, the molecular potential U i h , together with the usual polarization potential U em h of the optical field, orients the liquid host molecules, i.e. produces a nonzero host order parameter Q h .
The dielectric anisotropy (and hence the nonlinear birefringence) exhibits two contributions that can be associated respectively to the direct dispersive effect of dye molecules (terms with η g and η e ) and to the effect of host molecules (terms with η h ). The former is due to both the overall anisotropy induced in the dye population if D e = D g and the difference in polarizability of dye molecules in the ground and excited state if η e = η g . The host term is instead related only to the host orientation, driven by the optical field via the direct coupling with the molecule polarization and by the additional photoinduced molecular field. The host term is expected to dominate the nonlinear birefringence in all materials with sufficiently strong collective orientational effects. In particular, its effect is larger when the temperature factor T * /(T − T * ) is increased by lowering the temperature, and it tends to diverge for T → T * . Such an enhancement can indeed be observed for liquid crystals in their isotropic phase when approaching the transition to nematic phase.
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The ratio between the total nonlinear birefringence of the host and the sole ordinary Kerr contribution is the dye-induced enhancement factor of optical nonlinearity
The Experiment
The material employed in our pump-probe experiments was obtained by dissolving a small amount of a dye in a transparent liquid host. The dye was the anthraquinone derivative 1,8-dihydroxy 4,5-diamino 2,7-diisopentyl anthraquinone (AD4), and the host was the isotropic phase of the commercial liquid crystal mixture E63. We refer to the papers 14,18 for more experimental details.
An anisotropic nonlinear optical phase-shift was observed both with the dyedoped sample and with a pure reference sample. In all cases the signal in the former was significantly larger than in the latter, but for all other features they Light-Induced Modification of Kinetic Molecular Properties 167 were rather similar. We have investigated the peak of the induced phase-shift in the dye-doped sample and in the pure reference sample in dependence on the pump pulse energy at fixed background temperatures as well as on the temperature at fixed pump energies.
Let us consider the energy dependence first. The induced phase-shift versus energy measured with the pure sample are shown as squares in Fig. 5 . The induced phase-shift for the dye doped sample are shown as circles and clearly indicate a strong enhancement of the optically induced birefringence. The predicted saturation behavior is also evident. Figure 6 shows the ratio between the dye-doped sample data and the corresponding pure sample data, representing the enhancement A versus energy. The line in Fig. 6 is our theoretical prediction based on the model reported in the previous section.
The data are fitted by adjusting only the unknown material factor ∆u, giving the best-fit value of ∆u = 0.18 ± 0.05 eV.
In the theoretical predictions, the values of τ e and D e were taken from time resolved fluorescence measurements. 15 The pump energy scale of the theoretical curves was determined a priori from the peak intensity I, using the experimental values of the beam-waist and pulse duration. Up to this point it is not clear which of these two contributions (u he = u hg or D e = D g ) plays the main role for the enhancement of the optical Kerr effect. The experiment in the isotropic phase confirms the underlying model, but cannot clarify this point since it only allows us to determine ∆u. Let us now discuss the temperature behavior. The inverse peak signal measured at a given pump pulse energy and for varying temperature is shown in Fig. 7 . The straight lines are linear best fits. Similar results are obtained for different pump pulse energies. The pretransitional (T − T * ) −1 power law expected for an orientational optical nonlinearity is well reproduced both in the absorbing and transparent sample. It is worth stressing that the observation of this pretransitional temperature behavior is the unambiguous signature of a collective orientational response. We obtain T * = 78
• C in the transparent sample. In the absorbing sample, the apparent value of T * is shifted by laser-induced heating (all the secondary effects of heating have been taken into account), and therefore it is pulse-energy dependent. We observe a decrease of about 5 K/mJ, in reasonable agreement with the results of the laser-induced heating calculations reported in Ref. 14.
In conclusion, this experimental investigation leads to the following results:
• an enhancement of the optical Kerr-effect exists in the isotropic phase, demonstrating that a change in the diffusivity of the dye molecules and/or a change of the equilibrium mean field potential must occur upon light excitation;
• an estimate for the molecular parameter ∆u is obtained by comparing the experimental results with our predictions; • important features of the effect that strongly support our interpretation are shown, namely the bleaching effect and the observation of pretransitional phenomena. In particular, the latter result permits to rule out all possible spurious effects not related to the reorientation of host molecules.
Similar experimental results were obtained in a separate investigation 19 confirming our conclusions.
Translational and Orientational "Molecular Motors"
The main difference between the isotropic phase and the nematic phase is the presence of a mean common orientation of the molecules in the nematic phase, described by the molecular director n. The consequence is that all interactions, dye-nematic, light-nematic, and nematic-nematic, are described in terms of macroscopic torques and exchanges of angular momentum. As discussed in the introduction, this exchange is well understood in the case of transparent nematics, but it remains unclear in the case of dye-doped absorbing nematic liquid crystals.
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In this section we will discuss in detail the analogy between the Jánossy effect and translational thermal ratchets reported in the literature.
7 This analysis will not only show that the Jánossy effect belongs to this wider class of phenomena, but it will help us clarify the question of the angular momentum exchange as well as other very important features of this effect.
A close similarity exists between our system and a model for a two state translational molecular motor in biological systems described by Prost et al. in Ref. 6 . In this work they consider Brownian particles evolving in a potential characterized by a broken parity symmetry along a direction x, but periodic on a large scale. At equilibrium, by thermodynamics, the Brownian motion is symmetric and there is no net current of particles. However, if an external action induces energy absorption and dissipation, the time reversal symmetry is also broken, allowing for the existence of a macroscopic velocity without external forces or gradients.
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The two key points of this model are the following: (i) a translational symmetry breaking due to the sawtooth shape of the interaction potential; (ii) the presence of a mechanism of energy absorption-dissipation. These mechanisms are present in the Jánossy effect as well (of course in this case we must consider the space of orientations). However, an important difference between the two models is in the way of introducing the polar asymmetry. Instead of assuming an asymmetric potential, in the Jánossy effect the symmetry around the director n is broken by considering an excitation field at an angle different from zero and 90
• with respect to n. The interaction potential remains symmetric around n while the excitation probability is "phase-shifted" in the orientational space. In the following we consider a one dimensional translational version of the model presented in the previous sections, which captures the essential features, but can easily be understood and compared to known translational ratchets.
Let us consider a symmetric and periodic potential describing the interaction between dye molecules, which are represented by point-like particles, and the nematic host, which is represented as a fixed periodic array of interaction centers. In order to get an analytical solution of the model, a triangular-shaped potential is considered.
In our calculations we consider the case of either u he = u hg or D e = D g , to single out the contribution of these two possibilities. Let us start with the first case shown in Fig. 8 . The molecules in the ground state diffuse in the potential well. If the latter is not too deep compared to the thermal energy, molecules can overtake the potential maxima. However, given the backward-forward symmetry of the system, this diffusion process does not give rise to a directed flow of particles on the average. The situation changes if a phase-shifted excitation probability is present, such as that shown in Fig. 8 . Now the molecules diffusing into the region with a positive slope of the potential experience a nonzero excitation probability. Once excited they move in a deeper potential well, thus making the overtaking of the maximum much harder. This implies that less molecules finally diffuse in the positive direction than in the negative one and on the average a nonvanishing current of particles is established. Fig. 8 . Schematic picture describing the mechanism of a one dimensional molecular motor in the case of u he = u hg and De = Dg. In absence of excitation the same average number of molecules in the potential Ug pass the barrier either on the left or on the right side per unit time. If a phase shifted excitation mechanism p(x) is present and the potential well is deeper for the excited molecules, this symmetry is broken. Now more molecules are moving to the negative direction and a net flow different from zero is established. If the moving particles interact also with a surrounding fluid they experience a friction. The friction in turn acts as an external force on the whole system (particles and potential source), directed opposite to the flow.
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This current results also in a force acting on the host. In the stationary case the force F per cell length 2L that the molecules exert on the potential source is given by
where L is the potential cell half-length and the x-coordinate ranges from −L to +L. The latter can be rewritten in terms of the currents
and results for the case D e = D g as Fig. 9 . A mechanism of absorption-dissipation together with the light induced breaking of the symmetry around n is sufficient to induce a nonzero orientational flow of dye molecules in the NLC sample even in the stationary case and even if no angular momentum is supplied from light. In the example depicted here, the dye molecules are assumed not to interact with the nematic director when they are in the ground state, while the interaction is switched on when they are excited (u eh kT u gh ). The molecules in the ground state diffuse randomly in all directions (dotted lines) and on the average their angular velocity vanishes. However, dye molecules whose orientation comes close to the optical field may be excited (circles). Then, the interaction is switched on and these molecules start drifting toward the molecular director (solid lines). This gives rise to a directed average flow of dye molecules that are in the excited state.
This means that in order to have a force acting on the potential source the average current of particles J tot must be different from zero. But what is the effect of this force on the system? Of course, if we consider our potential source plus the dye particles as a whole, we have an isolated system and the total force acting on it is zero. Instead if the system is embedded in a second host providing the thermal bath, the dye particles, while moving, can exchange a force with the surroundings via friction. This friction is the origin of the force which acts on the potential source and it is given by Eq. (20) . This force is external to the system of dye particles plus potential source and as a consequence the latter starts moving in the host along a direction opposite to the particles net current. In a limit example this is what happens in recent experiments on cytoskeletal filaments propelled by spherical proteins, where the latter are attached to a substrate which exerts on them an "infinite" friction.
21
This argument can be used also to understand the problem of angular momentum conservation in the Jánossy effect. Also in this case, if we consider the dye plus nematic molecules as a whole, we have the problem of understanding how the angular momentum balance can be satisfied. In fact the interaction between dye and nematic molecules is an internal one and the sum of all internal torques vanishes. However, the dye molecules, like for the "flow without force" in the translational case, continuously rotate (see Fig. 9 ) and feel the friction due to the surrounding fluid which can be identified with the translational degrees of freedom of the nematic host itself. In this way they exchange angular momentum with the surroundings via the translational degrees of freedom. On the other hand the nematic director exchanges angular momentum with the surroundings via elastic interaction. This elastic torque acts on the walls of the sample via the anchoring potential and here it is balanced by the angular momentum exchange due to the friction and carried by the translational degrees of freedom of the fluid. Therefore, there is a circulation of angular momentum that is carried from the walls to the nematic director by the elastic interaction, transferred to the dye by the mean field potential U α induced by light, and from this to the surrounding fluid via friction, and finally to the walls again where the loop is closed.
The results for the case where u = u he = u hg and D e = D g are even more interesting. Indeed, in this case, it is possible to have a nonzero force even if the total current vanishes and therefore no matter transport takes place. This behavior can be understood by considering the generalization of Eq. (20), i.e.
It clearly shows that even if the total current vanishes (J tot = 0), e.g. for the case u = u he = u hg , the two dye populations experience different friction forces. This difference gives rise to the second contribution in Eq. (21) . Also, if the potential is so deep that particles cannot overcome the barrier but their movement is limited to the bottom of the potential, the first term vanishes since there is no matter flow. Nevertheless the second term continues to be different from zero for D e = D g . It is like having a pair of oars in the center of each potential well. They are fixed to the "boat" (the potential source) but they experience a large friction when plunged in the water and a low friction when taken out of the water, so that there is a net average force acting on the boat. A nonzero force requires only a dye circulation, confined to the bottom of the potential well, and that the two populations experience different frictions. This behavior is shown pictorially in Fig. 10 .
If there is a variation of the diffusion constant upon light excitation a force on the potential source may be generated even if there is no net current of particles. It is sufficient that particles circulate on the bottom of the potential well and experience a different friction if they are in the ground or excited state. In the given example, the particles in the ground state feel a smaller friction than that experienced by excited particles (De < Dg). As a consequence a positive force, opposite to the current of excited particles, acts on the potential source, originating in the external friction source.
From this argument we see also that the height of the potential barrier does not influence so dramatically the force, contrary to the previous case. Indeed, in the case u he = u hg , as we have seen, a nonzero current is necessary to generate a net force. This means that the particles must escape from the potential well. Therefore there is a minimum "activation energy" that the particles must acquire in order to generate the current. This argument explains the qualitatively different behavior of the force versus the ground state interaction potential predicted by the model for the two cases. As for the isotropic case of the previous section, we can write down the analogous Fokker-Planck equations for the translational space and calculate the currents and forces.
22 Figure 11 shows the net force (a) for different values of the u he /u hg and (b) for different values of D g /D e , and discusses its dependence on the depth of the ground state potential quantitatively. This point is very important when a quantitative check of Jánossy effect is done in the nematic phase. The different behavior for the case D g = D e and u hg = u he in nematic hosts with large order parameter S can be used to have an indication on which of these two changes can account for the experimentally measured enhancement factor. This is the subject of the next section. 
A Quantitative Check of the Jánossy Effect in the Nematic Phase
The photoinduced response of a given dye-NLC mixture is completely characterized by its material constant ζ (see Eq. (3)). The ratio ζ/N d characterizes the overall effect of a single dye molecule in a given host. However, the parameter ζ/N d depends trivially on the light absorption efficiency of the dye molecule, i.e. on its absorption cross section σ. Indeed, the very general assumption that the photon absorption events are statistically independent implies that the dye efficiency is proportional to the number of absorbed photons per unit time, provided that all other properties are fixed. Since we are mainly interested in comparing the contribution of the "other properties", it is convenient to drop the dependence on the cross section σ. Because σN d ∝ (n e α e + 2n o α o )λ, we introduce the dimensionless figure of merit
The division by the order parameter S is included so that this figure of merit can be applied also to the case of the isotropic phase, by considering the enhancement factor of the optical Kerr effect and the isotropic limit of all other parameters. For a quantitative test of our model we have performed experiments in the nematic phase by measuring the figure of merit µ in various dye-NLC mixtures. To obtain ζ and µ we have measured the nonlinear phase shift ∆φ induced in a probe beam by the molecular reorientation due to a pump laser beam. By comparing the phase shift versus pump intensity in a dye doped sample and in a pure reference sample, the value of ζ can be measured. This value, together with the information obtained for the linear absorption coefficients, allows one to determine µ.
We have studied a number of mixtures with various dyes, mainly anthraquinone and azo derivatives, and several NLC hosts. [23] [24] [25] In this section, we will focus our attention on the dye labeled AD4 (see Fig. 12 for its molecular structure) and on the NLCs 5CB and E63. The latter is a mixture of cyanobiphenyls produced by Merck. Its high order parameter makes it useful for testing our model in the limit of large depth of the potential well.
In order to calculate the figure of merit µ as function of the various parameters also for large order parameters S, numerical methods have to be applied to solve the equations of a model analogous to that used for the isotropic phase.
We will not give details of this model, which can be found in Ref. 13 , but it is important to point out that, after expressing all quantities in dimensionless form, the resulting equations depend only on four parameters: (i) the normalized ground state energy m g = u hg S/2kT , which is in one-to-one correspondence with the dye order parameter S g ; (ii) the mean-field energy ratio u he /u hg ; (iii) the diffusion constant ratio D g /D e ; (iv) the reduced lifetime τ e D e . The figure of merit µ can be shown to be given by µ = (kT )/(hD e S)·μ(m g , u he /u hg , D g /D e , τ e D e ), whereμ is a function of only the above mentioned 4 dimensionless parameters.
The main obstacle for a quantitative check of the theoretical model is that the molecular parameters τ e , D g , D e , u hg , u he are not easily known. The constants τ e and D e can be obtained from time resolved fluorescence. 15 The constant u hg can be obtained from measurements of the linear dichroism: in the mixture AD4-E63, u hg ≈ 0.6 eV; in AD4-5CB, u hg ≈ 0.4 eV. The excited state energy u he has not been measured yet. Perhaps also this parameter could be obtained from measurements of time-resolved fluorescence, but it is not an easy task. For these reasons, we cannot perform a strict check of the model, but we can use the measured values of µ to estimate u he and verify if the results are reasonable. Figure 13 shows a comparison of the numerical calculations 23 for D = D e = D g with the experimental data for the mixtures AD4-E63 and AD4-5CB. Having a first look at the theoretical predictions, it can be seen that the functional dependence of the figure of merit (torque) on the normalized ground state energy m g is qualitatively very similar to the results we have obtained for the force F in the model for a translational molecular motor. In the region m g = u hg S/2kT < 2 the photoinduced torque is proportional to m g for a given ratio u eh /u gh , while it shows a rapid exponential decrease for large ground state energies. In the same figure the experimental values of µ for AD4 dissolved in 5CB and E63, respectively, are reported. It is immediately clear that, in order to fit the measured values of µ regardless of u hg , the ratio u he /u hg must be larger than 2. If we try to match also the value of u hg , an agreement is possible in the case of AD4-5CB if u he /u hg ≈ 2.7, however it is not possible at all in the case of AD4-E63. It appears that this model, when changes in the diffusion constants are not included, does not work quantitatively.
When instead we plot the value of µ versus u hg for values of the ratio D g /D e different from 1, we do not observe the same strong decrease of µ for large values of u hg . Therefore, if a mixture has m g > 6 corresponding to a dye order parameter S g > 0.7 (as in the AD4-E63 mixture), the photoinduced torque should essentially be due to a photoinduced change of the rotational diffusion constants of the dye molecules and not to a change in the equilibrium mean-field. In Fig. 14 , the numerical results of our model for the case u he = u hg are reported together with the measured values. It is worth noting that an agreement with the experimental data can be obtained with D g /D e ≈ 2 for both mixtures AD4-5CB and AD4-E63.
A factor D g /D e = 2 may be considered too large to be realistic, although independent experimental and theoretical investigations support this possibility. In any case the best way to give a final answer to this problem is to measure directly the ratio D g /D e . This is the aim of our most recent investigations of the Jánossy effect. This information can be obtained by performing time-resolved pump and probe experiments of the photoinduced dichroism.
The interpretation of such experiments, simple in principle, is complicated by the presence of more than one excited electronic level in our dye molecules. So far we have obtained preliminary results that indicate a large change in the diffusion constant of the excited dye molecule. However, to obtain an estimate of the ratio D g /D e further experimental work is necessary.
Dependence of the Jánossy Effect on the Host and Dye Molecular Structure
As discussed above, a change of intermolecular interactions after electronic excitation is the main mechanism that powers our molecular motor. b However, it is still not completely clear what takes place inside the dye molecules. In particular, it would be interesting to identify the molecular moieties of host and dye molecules that are most involved in the intermolecular interactions, and how light can affect them. A straightforward idea is that the polar NH 2 and OH groups of the dye molecules play an important role in the photoinduced changes of intermolecular interactions. 23 In order to investigate this idea, different experiments have been performed in the nematic phase by using NLC hosts and dye molecules with particular characteristics. 24, 26 Among the NLCs we have used 5CB and MBBA, which are well known liquid crystals each consisting of a single compound, and E7, E63, and ZLI3086, which are mixtures produced by Merck. 5CB is a NLC having a polar head, namely the cyano group CN, capable of significant dipole-dipole interactions or possible hydrogen bonding with polar groups of the dyes, such as hydroxyl OH, carbonyl CO, or amino NH 2 groups. E7 and E63 are mixtures of cyanobiphenyls and they can be expected to behave like 5CB as far as polar interactions are concerned. MBBA and ZLI3086 essentially consists of nonpolar molecules. MBBA is difficult to handle as it is highly hygroscopic (water contamination induces a reduction of the critical temperature and consequently change the order parameter S), but at working temperature it has slightly larger refractive indices n e , n o , and a larger birefringence n e − n o than 5CB and approximately the same as E63. Therefore, a similar relationship is expected to hold for the anisotropy of polarizability, controling the anisotropic part of dispersive interactions. By comparing the figures of merit for the same dye in 5CB and MBBA, we should be able to determine if polar interactions are more or less important than dispersive and steric interactions in determining the Jánossy effect.
The measured figures of merit µ of several guest-host combinations are reported in Fig. 15 , where a strong dependence on the host material can be recognized. Moreover, it is evident that the polar hosts E63, E7 and 5CB enhance the photoinduced torque for the positive-ζ dyes AD1, AD4, AD5 and for the negative-ζ dye AD3. In the mixture MBBA-AD5 the photoinduced effect was below our experimental sensitivity, while it was significant in 5CB-AD5 and E63-AD5. The mixtures 5CB-AD4 and E63-AD4 are 4.6 and 3.4 times, respectively, more effective than MBBA-AD4. The same behavior is observed in E7-AD1 and E7-AD3 compared to ZLI3086-AD1 and ZLI3086-AD3. The negative-ζ dye AD6 has approximately the same figure of merit in the three hosts, but this is the only exception we have found. A first conclusion we may draw from these data is that specific guest-host intermolecular forces play a major role. This supports the validity of Janossy's main idea. It seems that dipole-dipole interactions contribute to the torque effect significantly more than dispersive and steric interactions for most dyes. Speaking about dipole-dipole interactions, however, we do not refer to the total dipole moment of dye and NLC molecules, but rather to the polar groups present on dye and NLC molecules, which can interact fairly strong when coming close to each other. Typical interaction energies are 5-10 kJ/mol, for each dipole pair. 27 When hydrogen bonding is present, this energy can raise up to 20-30 kJ/mol. Hydrogen bonding could take place, for example, between the CN group of 5CB and the OH or NH 2 groups in AD1, AD4 and AD5.
That dipole-dipole forces play an important role in the orientational order of dye-NLC mixtures is confirmed by the results of Ref. 28 , where the dye ground state order-parameter S g has been measured for a large set of dyes in three different hosts, two of which are nonpolar and one that has a polar CN group. It was found that S g increases from 0.3 to 0.8 when plotted versus the length to width ratio of dye molecules in the two nonpolar hosts, while it is approximately constant between 0.6 and 0.8 for the polar hosts. Therefore, van der Waals interactions (steric and dispersive) appear to dominate the dye alignment in the nonpolar hosts, while dipole-dipole contributions become also very important in the polar host. In synthesis, polar intermolecular forces play a dominant role in the photoinduced torque effect, and the same forces concur to determine the alignment of the dye in the NLC host.
We have studied the role of the polar groups in further investigations by comparing the figures of merit for different dyes in the same polar host. Anthraquinone derivatives with the same core and with different substituents located at the same position in the molecules have been tested. The substituents are OH, NH 2 and NHCH 3 groups (see dyes AD1, AD2 and AD3 in Fig. 12) . The results are displayed in Fig. 16 . It can be seen that the molecule with OH groups gives no effect within the experimental accuracy. Instead, the NH 2 groups lead to a large positive effect while the NHCH 3 groups induces a negative effect. This is a general result, as the same behavior was observed in other anthraquinone derivatives with the same substituents localized in different positions.
These results are still unexplained, although it seems likely that inter and intra molecular hydrogen bonding involving these polar groups are important. In par-ticular, clarifying the variation of each bond strength when passing to the excited molecule is probably the key to a full understanding. At any rate, the large variations observed for different dye species suggest that well designed molecules could lead to an even stronger enhancement of the optical nonlinearity.
Conclusions
In this paper we have reviewed some of our work on the enhancement of optical nonlinearities in dye-doped liquids and liquid crystals. Our investigations were conducted both in the nematic and isotropic phases of liquid crystal, in order to highlight the great generality of this phenomenon. Moreover we have shown that this effect can be related to a more general class of phenomena known as "molecular motors", that recently has attracted an enormous interest in different scientific fields ranging from biology to nanotechnology.
In the nematic phase we have observed that the photoinduced molecular reorientation of dye doped nematic liquid crystals depends quite strongly on the specific intermolecular forces exchanged between dye and host. For most dyes, hosts capable of polar interactions are more effective by a large factor, showing that dipole-dipole interactions or hydrogen-bonding are important. In transparent materials the same forcing mechanism is responsible for the orientational optical nonlinearity of the isotropic and nematic phase of liquid crystals. Therefore, it has been natural to suppose that a dye effect should be present also in the isotropic phase of liquid crystals or more generally in isotropic liquids. This idea provided the grounds for our investigation of dye-doped isotropic liquids and we actually found an enhancement of the optical Kerr effect.
All the observed features of the effect are well predicted by our model which generalizes Jánossy's original idea. However, this agreement does not allow us to distinguish between the different photoinduced molecular phenomena that can contribute to the effect. In particular, it is still unclear whether a change of the strength in the interaction potential or a change of the rotational diffusion constant dominates, although the obtained results of our investigations in the nematic phase seem to favor a dominating role of a photoinduced change of the orientational mobility.
The best answer to this question will probably rely on a direct measurement of the ratio D g /D e , which we hope to obtain in the near future.
